The rusty crayfish, Orconectes rusticus, has spread from its original range throughout much of northeastern North America, often completely replacing native crayfish. I tested the hypothesis that reproductive interference is a mechanism of the rusty crayfish's invasion of streams of the upper Susquehanna River watershed, where O. rusticus is replacing the native O. propinquus. I collected females from allopatric and sympatric sites during the spring reproductive period to measure size-specific probability of reproduction, fecundity, and the frequency of nonviable eggs. The predicted size at which females had a 50% probability of reproducing at sympatric sites was slightly larger for O. rusticus and considerably smaller for O. propinquus compared to allopatric sites, but O. propinquus also differed in size among site types. There were no differences between site types in average clutch size or the frequency of nonviable eggs. The differences in reproduction between allopatric and sympatric sites did not strongly support the reproductive interference hypothesis; instead, they may be a result of differences in O. propinquus size structure, possibly related to environmental differences between upstream allopatric and downstream sympatric sites.
INTRODUCTION
Crayfish have frequently been introduced outside their native ranges with human assistance (Hobbs et al., 1989; Henttonen and Huner, 1999) . The successful establishment of non-native crayfish is frequently accompanied by a corresponding decline in native species. In Europe, the decline in native crayfish populations has largely been caused by fungal plague that is carried by introduced North American crayfish (Holdich, 1999; Lodge et al., 2000) . In North America, the high diversity of crayfish species (; 390 species) has resulted in numerous intra-continental or -regional introductions, many probably undocumented, and often of species closely related to the pre-existing crayfish fauna (Berrill, 1978; Capelli and Magnuson, 1983; Butler and Stein, 1985; Hobbs et al., 1989; Taylor and Redmer, 1996; Lodge et al., 2000; Rabalais and Magoulick, 2006) . In contrast to Europe, the decline of native crayfish in North America following introductions are most often attributed to competition, predation, and reproductive effects (Lodge et al., 2000) .
The rusty crayfish, Orconectes rusticus (Girard, 1852) , is native to the Ohio River but has been introduced to numerous lakes and streams throughout northern and eastern North America, where it often displaces resident species of Orconectes (Berrill, 1978; Capelli and Magnuson, 1983; Butler and Stein, 1985; Lodge et al., 1986; Taylor and Redmer, 1996; Kuhlmann and Hazelton, 2007) . Numerous hypotheses for the rusty crayfish's ability to replace other species have been proposed, including larger size, which gives advantage in competition for resources and escape from predators, behavioral differences, faster individual or population growth rates, reproductive interference, or hybridization (Berrill, 1985; Butler and Stein, 1985; Corey, 1988; Olsen et al., 1991; DiDonato and Lodge, 1993; Hill et al., 1993; Mather and Stein, 1993; Lodge et al., 1998; Hill and Lodge, 1999; Perry et al., 2001a; Kuhlmann et al., 2008) . These are not mutually exclusive hypotheses, and it is likely that multiple mechanisms are involved.
Here, I use correlative data from field samples to evaluate the potential for reproductive interference as a mechanism in a recently-documented, ongoing invasion by rusty crayfish. The range of O. rusticus is currently expanding in streams of the upper Susquehanna River watershed (New York, USA) (Kuhlmann and Hazelton, 2007) . The rusty crayfish is apparently replacing two congeners, O. propinquus (Girard, 1852) and O. obscurus (Hagen, 1870) as it spreads, so within the watershed there are areas of sympatry at the edges of O. rusticus's range as well as areas of allopatry where only a single species of Orconectes occurs.
Interspecific matings between species of Orconectes have been observed in the laboratory (Tierney and Dunham, 1984; Berrill, 1985; Butler and Stein, 1985) , so matings between congeners in nature are possible. Interspecific copulations could result in reproductive interference through a number of possible mechanisms. If the congener's sperm cannot fertilize eggs, reproductive output could decrease if females lose opportunities to mate with conspecific males or because of sperm competition prior to fertilization. If hybrid fertilizations do occur, reproductive output would be decreased if conspecific sperm have a lower probability of successful fertilization or if hybrid zygotes have decreased viability.
Morphological and genetic evidence indicate that interspecific matings among Orconectes crayfish can produce hybrid offspring (Capelli and Capelli, 1980; Perry et al., 2001b) , although the reproductive consequences of these matings are not clear. Berrill (1985) found that hybrid matings lowered fecundity and Butler and Stein (1985) found decreased fecundity in sympatry in the field. In contrast, Perry et al. (2001a) found that fecundity did not differ between intra-and interspecific matings.
I compared several measures of reproduction for female O. rusticus and O. propinquus from areas where the species overlapped and from areas where they occurred alone. If reproductive interference is operating as an invasion mechanism, reproductive output in the native species (O. propinquus) should decrease in sympatry relative to allopatry; in O. rusticus, sympatry should have a smaller effect (or no effect) on reproduction compared to O. propinquus.
MATERIAL AND METHODS
I conducted hand searches for females of O. rusticus and O. propinquus at a total of 9 locations on Charlotte Creek (5 sites), Butternut Creek (2 sites), the Unadilla River (1 site), and the Susquehanna River (1 site) in the vicinity of Hartwick College's Pine Lake Environmental Campus, West Davenport, NY, USA (Delaware County: 428279N, 748559W). At each site, I collected females on 1-5 (median ¼ 2) separate dates. Sites were selected and categorized as allopatric (O. rusticus: 4 sites; O. propinquus: 2 sites) or sympatric (3 sites) based on concurrent sampling of a larger number of sites as part of a region-wide survey (Kuhlmann and Hazelton, 2007) . All collections were made during mid-May to mid-June, 2001 and 2002 . I recorded the number of viable (black) and nonviable (orange) eggs (Corey, 1988) carried under the pleon and measured carapace length (CL, to the tip of the rostrum) to the nearest 0.1 mm with dial calipers of all females captured. To count eggs for O. rusticus, ovigerous females were returned to the laboratory, where I stripped all the eggs off the pleon to get an exact count. To avoid impacting reproduction in the native species, for O. propinquus, I counted the number of viable and nonviable eggs without removing them from the pleon, then released all females at the capture site. I checked the accuracy of the latter method on 12 female O. rusticus by first estimating the eggs in place, then removing the eggs and counting them. Counting eggs in place almost always underestimated the actual number of eggs (10 out of 12 females), but the size of the error [(estimate À actual)/actual] was not correlated to the actual egg count (r ¼ À0.36, P ¼ 0.26), so estimating the number of eggs in place should introduce random error rather than a systematic bias.
I tested for reproductive interference between species using three reproductive variables: size-specific probability of reproducing, fecundity (among ovigerous females), and the occurrence of nonviable eggs. I used logistic regression to test the effects of size (CL), species (O. rusticus vs. O. propinquus), and the presence of congeners (allopatry vs. sympatry) on the probability of having eggs (SPSS 11.0 binary logistic regression module; SPSS, Inc., 2005). I used logistic regression because the dependent variable (having eggs) is binary, i.e., an individual crayfish either has eggs or doesn't (Trexler and Travis, 1993) . I used backward stepwise model selection using the likelihood-ratio statistic (Trexler and Travis, 1993) with all main effects and interactions initially in the model and a removal criteria of P ! 0.10.
For females with eggs, I calculated size-specific fecundity (slope of the equation: [number of eggs] ¼ m[CL] þ b) using separate linear regressions (Lowery, 1988) for each species from each site type (allopatric vs. sympatric), intending to test the effect of the presence of a congener on sizespecific fecundity by comparing the slopes of the regression lines. However, the relationship between size and fecundity was very weak (see Results below), so I instead compared fecundity of all egg-bearing females among species and site types with a fully-factorial analysis of variance (ANOVA).
I performed likelihood-ratio tests-of-independence to compare the frequency of females with nonviable eggs among species and, within each species, among site types. I also compared the proportion of viable eggs/ female among site types for each species with Kolmogorov-Smirnov tests.
RESULTS
Across all sizes, the proportion of female O. rusticus carrying eggs was about the same in allopatry as in sympatry; in O. propinquus, the proportion with eggs was much higher in sympatry than allopatry (Fig. 1) . Species and site type had dependent effects on female size (CL) (ANOVA, species x site type interaction: F 1,282 ¼ 8.79, P ¼ 0.003); size differed among species only in allopatry (t-test: t 206 ¼ 8.146, P , 0.001) and among site types only for O. propinquus (t 155 ¼ 6.51, P , 0.001) (Fig. 2) . The probability of a female crayfish having eggs was significantly related to size (CL), the only main effect in the final logistic regression model (Table 1) . However, there were significant interactions in the model, so main effects must be evaluated within levels of the other factors (Underwood, 1997) . The predicted size at which females had a 50% probability of reproducing at sympatric sites was slightly larger for O. rusticus and considerably smaller for O. propinquus compared to allopatric sites (Fig. 1) .
Among those females with eggs, carapace length explained a small amount of the variation in fecundity in all groups (r 2 ¼ 0.01 À 0.15). Pooling across all sizes, fecundity was not significantly affected by species (ANOVA: F 1,147 ¼ 0.66, P ¼ 0.42), site type (F 1,147 ¼ 2.22, P ¼ 0.14), or the interaction of the two factors (F 1,147 ¼ 0.01, P ¼ 0.92) (Fig. 3) .
Nonviable eggs occurred in significantly fewer O. rusticus (12%) than O. propinquus females (25%) (likelihood ratio test of independence: G 1 ¼ 4.48, P ¼ 0.03), but Figure 2 .
the occurrence of nonviable eggs did not differ between allopatry and sympatry in either species (Fig. 4) . The proportion of viable eggs carried by females did not differ between allopatric and sympatric sites for either species (Kolmogorov-Smirnov test; O. rusticus: Z ¼ 0.15, P ¼ 1.0; O. propinquus: Z ¼ 0.57, P ¼ 0.90). DISCUSSION I found some differences in reproduction between allopatric and sympatric sites for O. rusticus and O. propinquus in the upper Susquehanna River watershed. The presence of a congener had opposite effects on the size-specific probability of reproducing in the two species (Fig. 1) . The largest effect was in O. propinquus, where the carapace length at which 50% of females had eggs was about 4 mm smaller in the presence of O. rusticus compared to allopatric sites. However, this difference may be a result of size differences between the females of O. propinquus in the allopatric and sympatric samples (Fig. 2) , and a higher proportion of females of O. propinquus had eggs in sympatry (Fig. 1) . Despite the size difference, fecundity of egg-bearing females did not differ between species or site types (Fig. 3) , probably because of the weak relationship between fecundity and body size. Crayfish did not differ in the occurrence of nonviable eggs or the frequency of nonviable eggs between allopatry and sympatry.
Although there were some reproductive differences between sympatric and allopatric areas, especially for O. propinquus, they are not strongly indicative of reproductive interference. Instead, the differences in reproduction are more likely a result of the size differences among females collected from allopatric and sympatric areas. Although interactions with an invading species could cause changes in a native species' size structure, e.g., interspecific competition for food or shelter, this would more likely result in a decrease in average size in sympatry. Instead, the average size of the females of O. propinquus from sympatric areas was greater than from allopatric sites. Because of the geographic pattern of O. rusticus's spread (along the Susquehanna River and up tributaries), sites where O. propinquus occurs alone tend to be upstream of sympatric sites; it is likely that environmental conditions related to this stream gradient cause differences in size structure. Thus, my results do not indicate that reproductive interference is currently contributing to the success of O. rusticus as an invader in the upper Susquehanna River watershed.
The other potential effect of interspecific matings is the production of hybrids. When collecting for other studies, I have occasionally found individuals with features apparently intermediate between O. rusticus and O. propinquus. However, the identification of most hybrids of these species requires genetic or more detailed morphological analysis (Perry et al., 2001b) than the rapid field identification I used would allow. Therefore, I cannot assess the prevalence or effects of hybridization between O. rusticus and native species in my study system.
